Abstract: Free plant sterols cannot be dissolved in oil or water. Using free plant sterols and egg yolks, we developed a plant sterol-egg yolk lipoprotein complex (PSY) that can be dispersed in water and considered suitable for use in processed foods. The cholesterol-lowering activity of PSY was equal to that of free plant sterols and plant sterol esters. Consumption of a freeze-dried PSY-containing omelet reduced serum and hepatic cholesterol concentrations. The results suggest that PSY has cholesterol-lowering activity equivalent to that of free plant sterols and plant sterol esters. Moreover, the cholesterol-lowering activity of PSY was maintained in processed foods.
INTRODUCTION
The fact that plant sterols reduce serum cholesterol concentrations by inhibiting intestinal cholesterol absorption is well-known 1) . It has been reported that the minimal effective dose of plant sterols that lowers serum cholesterol concentrations is more than 800 mg/day 2) , which was confirmed in a double-blind, placebo-controlled study in mildly hypercholesterolemic Japanese subjects 3, 4) . Because only negligible amounts of plant sterols are absorbed by the small intestine, plant sterols are considered safe in foods for reducing serum cholesterol concentrations 1) . Plant sterols consist of two types: free plant sterols and plant sterol esters. It has been reported that both free plant sterols and plant sterol esters reduce serum cholesterol concentrations 2) . Free plant sterols do not readily dissolve in oil and water; therefore, they are not supplemented in processed foods. We conducted a research on possible uses of free plant sterols and found that free plant sterols are able to disperse in water in combination with egg yolk 5) . We confirm that free plant sterols form a complex with egg yolk lipoprotein. However, the serum cholesterollowering action of this complex has not been confirmed. We compared the cholesterol-lowering action of the plant sterol-egg yolk lipoprotein complex (PSY) with that of free plant sterols.
Plant sterol esters are plant sterols combined with fatty acids that can be dissolved in oils. Many processed foods have been developed using plant sterol esters, such as margarine 6) , edible oil 7) , mayonnaise 8) , and fat spread 9) . Plant sterol esters do not disperse in water and can only be used in oil-rich processed foods. It is thought that cholesterollowering activity of PSY and plant sterol esters is dependent on their physical properties. We compared the cholesterollowering effects of PSY and plant sterol esters.
Generally, PSY is used in processed foods. Eggs are cholesterol containing food items. The addition of plant sterols to egg products is not only effective for dietary therapy in persons with hypercholesterolemia, but they also enhance the quality of life. In the present study, we evaluated the cholesterol-lowering activity of a PSY-containing omelet in rats.
plant sterols was added. The solution was homogenized by high-speed homogenizer, and spray-dried.
Free plant sterols and plant sterol esters were respectively purchased from Cargill Japan Ltd., Tokyo, Japan, and San-Ei Gen F. F. I., Inc., Osaka, Japan. The sterol content and composition of PSY, free plant sterols, and plant sterol esters was analyzed by gas chromatography ( ). The PSY-containing omelet was prepared by the Q.P. Corporation and was formulated using the following ingredients [in weight%: whole egg, 76.2; sugar, 5.7; bonito extract, 1.9; salt, 0.5; water, 13.9; PSY, 1.8]. In PSY-free omelet, plant sterols were replaced with canola oil. These omelets were Japanese-style (Atsuyaki-tamago). The PSYcontaining and PSY-free omelets were freeze-dried and crushed uniformly.
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Male SD rats (Japan SLC Inc., Shizuoka, Japan) weighting 250-300 g were used in this study. Rats were bred in a temperature (23 1 ) and humidity (50 2%) controlled room for 12-hours light cycle (0800 to 2000). A control diet was formulated according to the AIN-93G formula 10) which contained the following ingredients [in weight%: casein (Oriental Yeast, Co., Ltd., Tokyo, JAPAN), 20; a-cornstarch (Oriental Yeast, Co., Ltd.), 13.2; sucrose (Mitsui Sugar, Co., Ltd., Tokyo, Japan), 10; cellulose (Oriental Yeast, Co., Ltd.), 5; mineral mixture (AIN-93G: Oriental Yeast, Co., Ltd.), 3.5; vitamin mixture (AIN-93: Oriental Yeast, Co., Ltd.), 1; soy oil (The Nisshin OilliO Group, Ltd., Tokyo, Japan), 7; choline bitartrate (Wako Pure Chemical Industries, Ltd., Osaka, Japan), 0.25; cholesterol (Wako Pure Chemical Industries, Ltd.), 0.5; cholic acid (Wako Pure Chemical Industries, Ltd.), 0.125; tert-butyl hydroquinone (Junsei Chemical Co., Ltd., Tokyo, Japan), 0.0014; b-cornstarch (Oriental Yeast, Co., Ltd.), 39.425].
In experiment 1, cholesterol-lowering activity of PSY was compared with free plant sterols that was a material of PSY. Eighteen rats were fed a control diet, PSY diet or Free-PS diet for 3 weeks. In the PSY diet, 0.5% PSY (as free sterols) was added in place of b-cornstarch. In the Free-PS diet, 0.5% free plant sterols was added in place of b-cornstarch. In experiment 2, cholesterol-lowering activity of PSY was compared with plant sterol esters that was used many processed food. Eighteen rats were fed a control diet, PSY diet or PS-E diets for 3 weeks. In the PS-E diet, 0.5% PS-E (as free sterols) was added in place of b-cornstarch. In this experiment, canola oil (The Nisshin OilliO Group, Ltd.) was replaced by soy oil. The fatty acid composition of plant sterol esters was similar to that of canola oil (data not shown). In experiment 3, we investigated the cholesterollowering activity of PSY-containing omelet. Twelve rats were fed a PSY-containing omelet diet or PSY-free omelet diet for 3 weeks. In the PSY-free omelet diet, 10% freezedried PSY-free omelet was added in place of b-cornstarch. In the PSY-containing omelet diet, 10% freeze-dried PSYcontaining omelet was added in place of b-cornstarch. Plant sterol content in the PSY-containing omelet diet was 0.5%. Distilled water was provided freely throughout all of the experiment. On the last day of the experiment, after 8 hours fasting, the rats were anesthetized with sodium pentobarbital (Dainippon Sumitomo Pharma Co., Ltd., Osaka, JAPAN), blood was collected from the abdominal aorta, and liver was removed. The blood was centrifuged at 3,000 rpm for 10 minutes and serum was collected. The serum and liver were then stored at 20 until analysis.
This study was conducted in accordance with the guidelines set for the care and use of laboratory animals, by the Ministry of the Environment, Government of Japan.
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The Total cholesterol, HDL-cholesterol, triglyceride, and phospholipid concentrations were analyzed with the use of commercial kits: Total cholesterol E-test Wako, HDLcholesterol E-test Wako, Triglyceride E-test Wako, and Phospholipid C-test Wako (Wako Pure Chemical Industries, Ltd.), respectively [11] [12] [13] [14] . Hepatic lipids were extracted and analyzed for cholesterol, triglyceride, and phospholipid concentrations [15] [16] [17] [18] .
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The results are express as mean S.E. Statistical differences among the control diet, the PSY diet, and the Free-PS diet or the PS-E diet were determined by one-way ANOVA and Tukey's test. The statistical difference between PSY-free and PSY-containing omelets was analyzed by Student's t-test. A p value < 0.05 indicated a significant difference. Statistical analyses were conducted with Dr. SPSS for Windows (SPSS Japan Inc., Tokyo, JAPAN).
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RESULTS
3 1 1 SD rats were fed a control diet, the PSY diet or Free-PS diets for 3 weeks. No significant differences in body weight or food consumption were observed throughout the experiment ( ). Serum and hepatic lipid concentrations are shown in . Serum and hepatic cholesterol concentrations were lower after consumption of the PSY and Free-PS diets than after consumption of the control diet. Serum HDL-cholesterol concentrations were greater after the Free-PS diet than after the control diet. Consumption of the Free-PS and PSY diets decreased hepatic triglyceride and phospholipid concentrations. No significant differences in the serum and hepatic lipids profile were observed after consumption of the PSY and Free-PS diets.
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2 SD rats were fed a control diets, PSY diet or PS-E diet for 3 weeks. No significant differences in body weight or food consumption were observed throughout the experiment ( ). Serum and hepatic lipid concentrations are shown in . Serum and hepatic cholesterol concentrations were lower after consumption of the PSY and PS-E diets than after consumption of control diet. Hepatic cholesterol and triglyceride concentrations were lower after consumption of the PSY diet than after consumption of the PS-E diet. Whereas, serum triglyceride concentrations were lower after consumption of the PS-E diet than after consumption of the PSY diet. No significant difference in serum and hepatic triglyceride concentrations were observed after consumption of the control diet, and PSY or PS-E diet. Furthermore, no significant differences in another serum and hepatic lipid profile were observed after consumption of PSY and PS-E diets.
3
3 SD rats were fed a PSY-free omelet diet or PSY-containing omelet diet for 3 weeks. No significant differences in body weight gain (5.4 0.3 g/day for PSY-free omelet, and 4.4 0.3 g/day for PSY-containing omelet) and food intake (21.4 0.7 g/day for PSY-free omelet, and 19.4 0.7 g/day for PSY-containing omelet) were observed throughout the experiment. Serum and hepatic lipid concentrations are shown in and . The mean Serum concentrations after consumption of PSY-containing omelet was significantly lower than that after consumption of PSY-free omelet (78. 6 4.4 mg/100 mL, and 104.4 9.1 mg/100 mL). The mean hepatic cholesterol concentrations after consumption of PSY-containing omelet was also significantly lower than that after consumption of PSY-free omelet (14. 
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DISCUSSION
Here, we confirmed that the cholesterol lowering effect of PSY is the same as that of free plant sterols and plant sterol esters. Free plant sterols did not dissolve in oil or water, plant sterol esters dissolved in oil, and PSY was dispersed in water. Thus, the different physical properties of the three substances did not affect their cholesterol-lowing activity.
Devaraj et al. reported that free plant sterols suspended in orange juice, with a targeted particle size distribution, could reduce serum cholesterol concentrations 19) . Hironaka et al. reported that plant sterol-enriched vegetable juice reduced serum total and LDL-cholesterol concentrations in Japanese subjects 20) . These reports suggest that the cholesterol-lowering activity of free plant sterols was maintained in a water-rich condition. However, these studies did not mention whether plant sterols were dispersed in water uniformly. Free plant sterols cannot disperse in water unless an emulsifier is present. In these studies, the subjects consumed only the juice with suspended free plant sterol particles. Unless free plant sterols can be dispersed in water, free plant sterols cannot be supplemented with processed food.
PSY is composed of free plant sterols and egg yolk, and eggs contain cholesterol; therefore, the consumption of eggs is thought to result in increased serum cholesterol concentrations. Dietary therapy for hypercholesterolemia usually includes a recommendation to avoid egg consumption. The results of many clinical trials have shown no correlation between egg consumption and serum cholesterol concentrations [21] [22] [23] [24] . An epidemiological survey showed a negative correlation between the intakes of eggs and cardiovascular disease 25) . This is possibility because of the presence of phospholipids in the egg yolk. Phospholipids reduce serum cholesterol concentrations by inhibiting cholesterol absorption 26) . Moreover, the cholesterol content in PSY is very small and undetected with gas chromatography and therefore can be neglected.
We chose to study an omelet that was processed using PSY. The omelet was made with eggs that contained cholesterol. Individuals with hypercholesterolemia often avoid eating egg products to prevent an increase in their serum cholesterol concentrations. The development of PSY-containing egg products is aimed on improving the quality of life for individuals with hypercholesterolemia. In this present study, we confirmed that the cholesterol-lowering activity of PSY was maintained when used in the processing of an omelet. Therefore, we believe that PSY-containing processed foods will be useful in dietary therapy for hypercholesterolemia.
